Background Ibrutinib is an approved treatment for relapsed or refractory chronic lymphocytic leukemia (cll) and small lymphocytic lymphoma (sll). The effect of ibrutinib dose reduction compared with discontinuation in a population-based setting is unclear.
INTRODUCTION
Chronic lymphocytic leukemia (cll) is the most common adult leukemia in North America 1 . Within Manitoba, the incidence of newly diagnosed cases is approximately 100 per year 2 . Small lymphocytic lymphoma (sll), which is classified together with cll by the World Health Organization, has clinical and pathologic characteristics similar to those in cll, but notably, sll lacks a leukemic phase and is usually associated with lymphadenopathy or splenomegaly (or both) 3 .
Treatment options for cll depend on the patient's performance status, comorbidities, and cytogenetics 4 . Despite recent advances in treatment, no therapy is curative in older patients; currently, goals of treatment focus on attainment of durable remissions. Among patients who are considered young and fit [defined by an age less than 65 years and a cumulative illness rating score (cirs) 5 Inc. or less], a regimen of fludarabine, cyclophosphamide, and rituximab for 6 cycles is often the first-line standard of care 6 . For those who have a cirs score greater than 6 and who are eligible for chemotherapy, obinutuzumab and chlorambucil are offered 7 in the first-line setting.
Ibrutinib, an inhibitor of Bruton tyrosine kinase, a critical enzyme in the B cell receptor-signalling pathway 8 , has demonstrated efficacy in the treatment of several B cell malignancies. At a daily dose of 420 mg, ibrutinib received accelerated approval for the treatment of relapsed or refractory (r/r) cll, and more recently, as initial treatment for patients with 17p deletion [9] [10] [11] . In the initial phase iii trial for r/r cll, ibrutinib (compared with ofatumumab) was associated with superior progression-free survival (pfs), overall response rate, and overall survival at 8 months 10 .
In an updated analysis, median pfs was not reached in the ibrutinib group, with 74% of patients being alive at 24 months, regardless of the presence of high-risk cytogenetics 12 . Within the trial setting, sustained adherence to continuous once-daily maximal dosing has been demonstrated to be an important contributor to improved pfs. However, patients in the trials had a discontinuation rate exceeding 20%, partly because of the requirement to discontinue therapy on study, with no options for dose reduction 11, 13 . Toxicities accounted for 7% of the discontinuations 10, 13 . Outside of clinical trials, management of toxicities might necessitate dose reductions or interruptions in therapy. The implications of such practices in a population-based setting are not entirely clear. However, recently emerging data suggest that maximal-dose therapy might not be necessary for long-term disease control [14] [15] [16] [17] .
To date, the population-based experience with ibrutinib in the setting of r/r cll or sll has not been evaluated in Manitoba. In view of that situation and of the uncertainty about the implications of submaximal ibrutinib therapy for patient outcomes, we conducted a retrospective cohort study of patients with r/r cll or sll treated with ibrutinib. We examined patient demographics and patterns of ibrutinib use, including dose intensity, frequency of toxicities associated with treatment, and hematologic response. In particular, the effects of various dosing schedules on the number and type of reported toxicities and on patient response were investigated.
METHODS

Study Design and Participants
All patients with r/r cll or sll receiving ibrutinib in the Canadian province of Manitoba were identified for study inclusion. Data from the electronic charting system, the provincial oncology drug program, the Manitoba Cancer Registry, the Manitoba Tumour Bank, and the cll caisis database (http://www.caisis.org/) were used. Patients starting treatment up to March 2017 were included for data extraction and analysis.
Data Collection and Measurement
Retrospectively, using electronic chart review, basic demographic data for the patients were extracted [age, sex, Rai stage, cirs, fluorescence in situ hybridization (fish) status, ighv mutational status, CD38 status, and zap-70 status at various stages of treatment]. The number and type of previous therapies; duration of ibrutinib treatment; ibrutinib dose history, including number and reasons for dose reductions; and treatment discontinuations and interruptions were collected based on electronic medical record documentation. Complete blood counts before and throughout ibrutinib treatment were obtained. All toxicities experienced by patients while receiving ibrutinib, as reflected in the electronic medical record, were captured. Because of the retrospective nature of the data collection, documented toxicities were not amenable to grading. Hematologic response was determined by normalization of blood counts based on International Workshop on Chronic Lymphocytic Leukemia criteria during the study period 18 .
On review of ibrutinib treatment receipt for the patient cohort, 2 dosing schedule patterns emerged, which were then grouped into two categories: full dose and submaximal dose. Patients were considered to have received a full dose if they started treatment with a full dose and remained at that dose level; if they started treatment at a lower dose and were subsequently titrated up to a full dose; or if they started with a full dose, were moved to a reduced dose, but subsequently returned to a full dose. Patients were considered to be submaximally dosed if they began treatment with a full dose, but were moved to a reduced dose and remained at a reduced dose; if they started treatment at a lower dose, were increased to a full dose, but were moved to a reduced dose; or if they started at a lower dose and stayed at a lower dose.
Statistical Analysis
Patient demographics and clinical features are described using frequency tables, medians, and interquartile ranges, and visually using graphics. Differences between patient subgroups were investigated using the chi-square and Fisher exact tests for categorical data and Wilcoxon Mann-Whitney tests for continuous data. Values of p ≤ 0.05 were considered statistically significant. Time to response is presented using cumulative incidence curves, with differences between groups deemed significant when the p values, as described by Gray 19 , are 0.05 or less.
RESULTS
Patient Demographics
Our study cohort included 64 patients (25 women, 39 men; median age at the start of ibrutinib treatment: 76.5 years). Table i summarizes the demographic and cll or sll characteristics of the cohort by dose schedule; Table ii summarizes hematologic characteristics in the cohort. At the time of ibrutinib treatment, 13 patients had early Rai stage cll (0, i); 46 had late Rai stage cll (ii-iv); and 5 had sll. Of the 52 patients with a known fish status, 12 had low-risk (del 13q), 19 had intermediate-risk (trisomy 12 or normal), and 21 had high-risk (del 11q or 17p) fish abnormalities. Patient ighv status was unmutated in 36 and mutated in 17; 32 patients were zap-70-positive; and 26 patients were CD38-positive. Of the 21 patients in the high-risk fish group, 13 also had unmutated ighv. Patients had received 1-6 prior treatments: 16 patients had received 1 prior treatment; 18 patients, 2 prior treatments; 21 patients, 3 prior treatments; 6 patients, 4 prior treatments; and 3 patients, 5 or more prior treatments. The median cirs score in this cohort was 6 at the time of ibrutinib treatment, with a range of 2-16 (Table ii) . Those who started treatment with a full dose and stayed at the full dose; those who started at a lower dose that was subsequently titrated up to a full dose; and those who started at a full dose, were moved to a reduced dose, but subsequently returned to a full dose. b Those who started treatment with a full dose, but who were subsequently moved to a reduced dose; those who started treatment at a lower dose, increased to a full dose, but were subsequently moved to a reduced dose; and those who started at a lower dose and stayed at a lower dose. c By Wilcoxon Mann-Whitney test. IQR = interquartile range; CIRS = cumulative illness rating score; WBC = white blood cell. Those who started treatment with a full dose and stayed at the full dose; those who started at a lower dose that was subsequently titrated up to a full dose; and those who started at a full dose, were moved to a reduced dose, but subsequently returned to a full dose. b
Those who started treatment with a full dose, but who were subsequently moved to a reduced dose; those who started treatment at a lower dose, increased to a full dose, but were subsequently moved to a reduced dose; and those who started at a lower dose and stayed at a lower dose. Full-dose ibrutinib (420 mg daily) was given in 26 patients (40.6%); the remaining 38 patients either started on a submaximal dose (<420 mg daily) or experienced a dose reduction because of toxicity. Of the 38 patients who received submaximal doses, 10 (26%) started with, and remained on, a submaximal dose. Women accounted for only 27% of the patients who remained on a full dose. All sll patients fell into the submaximal dose group. No further differences in clinical or prognostic factors-including age, cirs score, Rai stage, fish status, ighv mutation status, zap-70 or CD38 positivity, and number of prior treatments-were different between the dose groups.
Dose Adherence and Toxicities
The median time to ibrutinib from the last treatment was 4.41 years [interquartile range (iqr): 3.86; range: 0.33-15.61 years]. The most commonly recorded toxicities (Table iii) were infections (predominantly upper and lower respiratory, skin and soft tissue, and urinary tract), bleeding and bruising, and musculoskeletal problems (predominantly arthralgia and myalgia). Toxicities were reported more frequently in the first 4 months of treatment (Figure 1) , with a median time to first toxicity of 14 days (95% confidence interval: 11 days to 19 days). Although not the most common, gastrointestinal effects, chiefly diarrhea, were seen earlier after ibrutinib start than other toxicities were. Rates of toxicity did not differ significantly between the patients receiving full and submaximal doses ( Figure 2) .
More than half the study cohort experienced at least 1 dose reduction during the study period. The 59 dose reduction events that occurred had a mean duration of 145.9 days (Table iv) . The most common indications for dose reductions were musculoskeletal problems (28%; median duration: 161 days; iqr: 224 days; range: 0-617 days), cytopenias (18.6%; median duration: 65 days; iqr: 224 days; range: 4-373 days), and infections (15%; median duration: 112 days; iqr: 78 days; range: 1-599 days). Similarly, about two thirds of the cohort (67.2%) had at least 1 dose interruption or hold during the study period, with 84 holds occurring overall. The most common indication was Patients receiving a full dose included those who started treatment with a full dose and stayed at the full dose; those who started at a lower dose that was subsequently titrated up to a full dose; and those who started at a full dose, were moved to a reduced dose, but subsequently returned to a full dose. Patients receiving a submaximal dose were those who started treatment with a full dose, but who were subsequently moved to a reduced dose; those who started treatment at a lower dose, increased to a full dose, but were subsequently moved to a reduced dose; and those who started at a lower dose and stayed at a lower dose. surgery (34.5%), and as expected, because of the bleeding risk associated with ibrutinib, the associated median duration was short (3.5 days; iqr: 6 days; range: 0-41 days). Infection and cytopenias were the next most common indications. When comparing the frequency of holds between the dose groups, the submaximal dose group had more frequent holds [median: 1.5 vs. 0.5 in the full dose group; p = 0.0037; Figure 3 (A), Table v ]. Holds within the submaximal dose group were also longer [median duration: 13 days (iqr: 38 days) vs. 1 day (iqr: 9 days) in the full dose group; p = 0.0039; Figure 3(B) ]. However, after the exclusion of several outliers in the submaximal dose group, that difference was no longer present. Kruskal-Wallis p = 0.0039 with outliers. Without outliers, p = 0.3017. Patients receiving a full dose included those who started treatment with a full dose and stayed at the full dose; those who started at a lower dose that was subsequently titrated up to a full dose; and those who started at a full dose, were moved to a reduced dose, but subsequently returned to a full dose. Patients receiving a submaximal dose were those who started treatment with a full dose, but who were subsequently moved to a reduced dose; those who started treatment at a lower dose, increased to a full dose, but were subsequently moved to a reduced dose; and those who started at a lower dose and stayed at a lower dose.
Time to Hematologic Response
Of the 64 study patients, 39 achieved a complete hematologic response. Patients in the submaximal dose group had a significantly shorter time to achievement of hematologic response [ Figure 4 (A), p = 0.01]. On further review, that group had a comparatively lower burden of white blood cells and thus achieved a normalized lymphocyte count faster. Furthermore, that group included all of the sll patients in the cohort. When the analysis omitted the sll patients, no difference in time to hematologic response was observed between the dose groups [p = 0.06, Figure 4(B) ].
Clinical Outcomes
Of the 64 study patients, only 11 (17%) discontinued ibrutinib during the study period. Of those 11 patients, 6 had been receiving a submaximal dose. The reasons for discontinuation were toxicity (1 diarrhea, 1 ventricular tachycardia 20 ), progression (2 transformations to lymphoma, 1 cll progression), and functional decline unrelated to cll progression or the toxicity of ibrutinib (n = 6).
DISCUSSION
Within our cohort of cll and sll patients receiving ibrutinib for r/r disease, more than half are no longer on a full dose, and no clear difference in reported toxicities have been evident. Despite a tendency toward dose reduction in this cohort, only 3 patients were observed to experience disease progression, common in a highly relapsed population setting. A hematologic response was noted in more than half the patients, suggesting that a submaximal dose of ibrutinib might still result in effective disease control. An unexpected finding was that adjustment of ibrutinib dosing, a frequent practice in response to intolerance and toxicities, did not result in differences in the observed toxicities. The standard dose of ibrutinib has been listed as 420 mg once daily until progression, based on both toxicity profile and kinase inhibition in early clinical trials for r/r cll 21 . It is clear in clinical practice that patients have more frequently experienced toxicities, and adjustment of dose intensity is a commonly used strategy to mitigate those toxicities 22 .
As is often observed in the non-clinical-trial setting 10 , our patients were slightly older and might have been slightly lower risk (lower percentage of high-risk disease by fish), but they had an overrepresentation of unmutated ighv. When ibrutinib initially came into practice, it was assumed that lowering the dose or stopping treatment would be associated with rapid relapse and possibly transformation into an aggressive diffuse large B cell lymphoma with an extremely poor prognosis. That perception later proved to be associated with participants in the initial trials who represented a highly treated relapsed population rather than a population in whom ibrutinib had been stopped 10 . That observation is reflected in our results: the hematologic response rates exceeded 50%, and of 3 progressions, 2 occurred in patients receiving a maximal dose, and 1 occurred in the most heavily pretreated individual in the submaximal dose group.
It is important to emphasize that our study cohort had no options for a clinical trial or another agent, and thus maintenance on some form of treatment was essential for disease control. In addition, it must be stated that, because of the dose reductions, our cohort's drug discontinuation rates were also lower than those reported in the clinical trial setting (17% vs. 26%), because dose reductions were not allowed in the clinical trial. Compared with a large retrospective cohort of patients with cll treated with ibrutinib in the front-line setting, in which 8% of patients were started on ibrutinib at a submaximal dose and 17% of patients required a reduction in the ibrutinib dose while on treatment, our cohort's discontinuation rates remained lower compared with the 24% of patients in that cohort who discontinued ibrutinib therapy after a median of 6.5 months 23 .
Within the clinical trial population, data suggest that adherence to ibrutinib at the maximal dose is related to duration of response, with an interruption in therapy of 8 days or more being associated with shorter median pfs 11 . In contrast, in the clinical setting, several observational studies [24] [25] [26] have demonstrated good tolerance of therapy FIGURE 4 Time to response for 64 patients treated with ibrutinib for relapsed or refractory chronic lymphocytic leukemia (CLL) or small lymphocytic lymphoma (SLL) in Manitoba. (A) Time to response, by dose intensity, patients with SLL or CLL, p = 0.01. (B) Time to response, by dose intensity, excluding patients with SLL, p = 0.06. Patients receiving a full dose included those who started treatment with a full dose and stayed at the full dose; those who started at a lower dose that was subsequently titrated up to a full dose; and those who started at a full dose, were moved to a reduced dose, but subsequently returned to a full dose. Patients receiving a submaximal dose were those who started treatment with a full dose, but who were subsequently moved to a reduced dose; those who started treatment at a lower dose, increased to a full dose, but were subsequently moved to a reduced dose; and those who started at a lower dose and stayed at a lower dose.
at the submaximal dose, with no evidence of reduced pfs or overall survival. Biologic plausibility to support those findings stems from observations in a recent pilot study that occupancy of Bruton tyrosine kinase, and downstream signalling, are reduced after initial high-dose ibrutinib and that ongoing molecular inhibition of Bruton tyrosine kinase might not require the same dose 14 . With respect to our findings, no differences in the frequency of toxicities were observed between the dose-intensity groups or with time on treatment. A potential limiting factor is that the lack of a difference reflects our study's inability to obtain toxicity grades.
Despite the submaximal therapy received by most patients, no differences in hematologic response rates or clinical outcomes were observed when only the patients with cll were compared. Patients with sll were all in the submaximal dose group, and when they were analyzed together with the cll patients, a difference in the submaximal dose group was observed, suggesting that a submaximal dose might have achieved a quicker hematologic response. Given that our study used the original International Workshop on Chronic Lymphocytic Leukemia criteria, normalization of lymphocyte count was included in the hematologic response criteria. What we observed was that patients with sll did not achieve similar increases in their lymphocyte counts, and thus normalization of the white blood cell count occurred earlier for them, skewing the results. No appreciable differences in patient-or cancer-specific characteristics apart from sex could explain the durability of response regardless of dose, given that the submaximal dose group had a larger fraction of female participants. Recent reports have suggested sex differences in drug dosing, with both pharmacodynamics and drug interactions leading to increased susceptibility to drug toxicities 27 . An additional consideration is that our patient cohort was older and likely had additional comorbidities and took additional medications. It is possible that drug interactions or liver or kidney function might have led to decreased drug clearance. Those parameters are currently being explored by an examination of Manitoba's health services databases rather than patient reports and physician and health records. It should be noted that patient adherence to prescribed ibrutinib treatment was assumed throughout the study period. However, despite provincial drug coverage, without a patient-associated drug cost, complete adherence has been demonstrated not to be the case, with adherence rates of 63% being reported in the Canadian setting 28 . In addition, with practice tending toward treatment-free periods and multiple agents in combination, the proper doses will also have to be worked out.
Given that the median pfs for patients receiving ibrutinib in the trial setting was not reached in an interim analysis after 24 months of follow-up 11 , we acknowledge that a longer duration of follow-up in our cohort will be needed to assess for noninferiority of the submaximal dose compared with the recommended (maximal) dose. Reassuringly, however, the submaximal dose did not appear to be harmful.
One of the issues not addressed by our study, but clearly observed, was the initiation of patients on ibrutinib at a submaximal dose. W hether that approach ref lects physician choice or patient factors could not be assessed in this retrospective study.
CONCLUSIONS
Given the rapidly changing treatment environment in cll, with ibrutinib emerging as a therapeutic intervention with longevity, results from our cohort study suggest that dose reductions and interruptions for toxicities instead of switching lines of treatment without evidence of progression or effect on hematologic response might be an option. Such an approach would thus reserve a therapy for progression until the future of drug discontinuation is better understood. Certainly, the clinical efficacy of lower doses will have to be further systematically evaluated.
